2,4-Dichlorophenol (2,4-DCP) is one of the seriously toxic chlorophenol compounds found in agricultural environments, in water disinfected by chlorine, and in outgoing effluents from the pulp and paper industries and paper manufacturing factories. This research studied the feasibility of using MgO nanoparticles (MgO-NPs) as a catalyst in the ozonation process for removing 2,4-DCP from aqueous environments under laboratory conditions. This study was conducted using a laboratoryscale semi-continuous reactor. It studied the effects of critical variables such as solution pH, ozonation time, dose of MgO-NPs and initial 2,4-DCP concentration. A statistical model of response surface model (RSM) was designed and utilized to obtain the optimum experimental conditions. Analysis of the data showed that initial concentration of 2,4-DCP and dose of MgO-NPs had the maximum effect on the response variable (percentage degradation of 2,4-DCP). Moreover, based on analysis of variance on the model, the optimum removal conditions were reaction time of 50 min, pH > 7, initial 2,4-DCP concentration of less than 50 mg/L, and an MgO-NPs dose of 0.3 mg/L. Under these optimum conditions, a removal efficiency of 99.99% was achieved. In addition, results indicated that catalytic ozonation in the presence of MgO-NPs was very efficient at removing 2,4-DCP from aqueous environments.
INTRODUCTION
Phenolic compounds are among the most common pollutants, and include a broad spectrum of organic phenolic compounds and their derivatives. Phenols, chlorophenols, nitrophenols, and amino phenols are the most common phenolic compounds (Mota et al. ) . Chlorophenols are a subgroup of very toxic phenolic compounds with high chemical oxygen demand and low biodegradability. They have harmful effects on living organisms, and endanger human health even at low concentrations (Chaliha & Bhattacharyya ; Imtyaz et al. ; Renchao et al. ) . The most common chlorophenols include 4-chlorophenol, 2,4-dichlorophenol (2,4-DCP), and 2,4,6-Trichlorophenol (Raoov et al. ) . One of the very toxic chlorophenols is 2,4-DCP, a colorless crystalline solid at normal temperature, which is easily soluble in the open air in alcohol (Shaarani & Hameed ) . Dichlorophenols are mainly used to produce pesticides in addition to being an important substance for manufacturing products to control harmful insects and disinfect seeds in agriculture (Mota et al. ) . One of the resistant pollutants often detected in agricultural regions, in water resources disinfected with chlorine, and in outgoing effluents of pulp and paper industries, and of paper manufacturing factories is 2,4-DCP (Renchao et al. ) . Since chlorophenols cause kidney, liver, and pancreas damage, weaken the central nervous system, and denature protein molecules, the United States Environmental Protection Agency (EPA) has placed them in the category of high-risk pollutants (Al-Jiboury ), and considers phenols and their derivatives as the 11th of the 126 chemicals in the class of high-risk pollutants (Gholizadeh et al. ) . The EPA recommends that 2,4-DCP concentration in drinking water should not exceed 0.03 mg/L (Gholizadeh et al. ) , and the World Health Organization (WHO) has also determined 1 μg/L and 1 mg/L as its maximum permissible concentrations in drinking water and in wastewater discharged into surface water, respectively (Basri et al. ; Kumar et al. ) . Various methods have so far been used to remove excessive quantities of phenols and phenolic compounds, including biological processes, chemical oxidation, extraction using solvents, burning, reverse osmosis, and electrochemical and radiation methods (Navarro et al. ) . Most of these methods have shortcomings such as high cost, low efficiency, pretreatment prior to the main treatment, and production of excessive secondary pollutants (Bayramoglu et al. ) .
One of the most effective methods for removing organic pollutants is the use of advanced oxidation processes (AOPs) (Sanchez-Polo et al. ) . In this method, free radicals such as hydroxyl radicals with high oxidation potential are produced for removing pollutants through AOPs. These free radicals have the capability to mineralize many toxic organic compounds to oxidized mineral compounds (Kurniawan et al. ) . AOPs have advantages including ease of use, low cost, and high efficiency in addition to being able to stabilize organic compounds by converting them to water and carbon dioxide (Rosenfeldt et al. ; Kruithof et al. ) .
Oxidation using ozone is among the conventional oxidation processes that can remove or mineralize organic compounds through direct reactions with molecular ozone and indirect reactions with radicals produced in ozone decomposition. Nevertheless, utilization of this method is limited from the economic and public health points of view because of problems including low solubility and slight stability in water, slow rate of reaction and low mass transfer (and hence low efficiency) along with high cost of ozone production and low efficiency in removing some pollutants (Guzman-Perez et al. ). Therefore, many studies have been carried out to increase the efficiency of conventional ozonation process including production of various catalysts to reduce reaction time, to make mineralization more effective and, finally, to lower costs.
Catalytic ozonation process (COP) is known as an advanced combinatorial oxidation process in which a nanocatalyst is present in addition to ozone. Increased oxidation rate and reduced reaction time and, hence, lower treatment costs, are among the advantages of COP (Zeng et al. ; Ramachandran et al. ; Umar et al. ) . At present, attention is focused on using nanoparticles as catalysts, and MgO nanoparticles (MgO-NPs) have numerous desirable properties as a metal oxide catalyst including high reactivity and large contact area, low solubility in water, and slight toxicity (Sui et al. ) . Among other advantages of using MgO-NPs as a catalyst are the availability of large magnetite mines in Iran and the low mining costs, the presence of active sites on these nanoparticles, and their high reactivity, low solubility in water, and non-toxicity (Moussavi & Mahmoudi a, b).
Research has been carried out on utilization of COP for removal of pollutants from aqueous environments. Absalan et al. () studied removal of Reactive Red 120 dye by iron oxide nanoparticles. In a research conducted by Moussavi & Mahmoudi (a) , removal of Reactive Red 198 dye by catalytic ozonation using magnesium oxide nanocrystals was studied. Their findings indicated that removal efficiency of this dye through COP improved with increases in pH values, and they stated that the reason for increase in removal efficiency was the higher rate of ozone decomposition at higher pH values and its conversion into active radicals. They added that decomposition of the dye molecules took place through indirect oxidation by active radicals. Valdes et al. () investigated the effects of COP using volcanic rocks in removing benzothiazole and found that removal efficiency improved when pH was raised from 2 to 7. They attributed this increase in efficiency to the intense inclination of ozone to react with Lewis acid of metal oxides present in volcanic rocks. Moreover, Erol & Ozbelge () studied the effects of catalytic ozonation using nonpolar bonded alumina in removing phenols from aqueous solutions. They reported that removal efficiency at the alkaline pH of 13 was 2.5 times higher than that at the acidic pH of 2.5, and attributed this to the formation of hydroxyl radicals at high pH values. In another study, Zhao et al. () noticed that efficiency of COP in removal of nitrobenzene in the presence of magnesium crystals improved with increasing pH values. Furthermore, Martins & Quinta-Ferreira () studied mineralization of phenolic compounds in COP using Mn-Ce-O catalysts. In addition, Xin et al. () studied COP efficiency in the presence of various catalysts in removing organic pollutants. They reported that use of activated alumina containing copper (Cu/Al 2 O) improved removal efficiency by 50%. In a research by Rezaee et al. () , removal of endotoxins from water by heterogeneous COP in the presence of bone ash was investigated. They found that ozonation process in the presence of bone ash was a more effective method in the removal process compared to other studied methods including common ozonation and chlorination. Moreover, Dadban Shahamat et al. () studied rapid treatment of high concentrations of 2,4-DCP in wastewater using COP in the presence of carbonaceous nanocomposites, and reported that this method exhibited desirable performance. Hadavifar et al. () reported effective application of COP in the presence of activated carbon in treating wastewater produced by an alcohol distillation plant.
Recently, statistical models have been used for optimizing various processes in many fields. Among them is the response surface model (RSM) that is used for evaluating the effects of independent variables on response performance and for predicting the best response value. In fact, the response surface method is a set of statistical methods used to develop, improve, and optimize processes. Reduced number of experiments and study of the mutual effects of the variable are among the advantages this method has (Wu et al. ) . The response surface method has been utilized in studies on removal of pollutants such as the antibiotic tetracycline ( This research investigated the feasibility of removing 2,4-DCP from aqueous environments using catalytic ozonation in the presence of MgO-NPs.
MATERIALS AND METHODS
Materials 2,4-Dichlorophenol (2,4-DCP) was obtained from Merck, a German company. The MgO-NPs powder was prepared using the calcination method. For preparation of the nanocatalyst, Mg(NO 3 ) 2 .6H 2 O solution was first dried at 100 C for 8 hours. Then, the dried powder was calcined at 500 C for 2 hours in an electric furnace. Finally, to ensure that the nano-MgO was obtained, the prepared nanoparticles were characterized for the average size of particle, surface morphology and structure. All solutions were prepared using deionized water. In addition, all of the chemicals in this work were of extra purity or analytical grade.
Experimental apparatus and procedure
This study was carried out in a semi-continuous ozonation reactor. The samples tested in the laboratory were synthetically prepared using 2,4-DCP and deionized water. A cylindrical ozonation reactor with the useful volume of 1.5 L was used ( Figure 1 ). Since the designed reactor was a semi-continuous one, ozone gas entered it in a continuous flow from below but the synthetic sample containing 2,4-DCP entered the reactor in a discontinuous flow. After contacting the solution, the ozone gas left the reactor at the top, and the excess ozone gas was removed from the system after it was trapped in two gas washers containing 2% KI. The reactor operated at the room temperature in the laboratory, and 500 ml of the synthetic sample was guided into the reactor in each stage of its operation. Before performing the experiments, 1N sulfuric acid and sodium hydroxide were used to adjust the various pH values of the samples used in the experiments. Based on the designed model and on the conducted studies, 0.1-0.5 mg/L MgO-NPs was used. The ozone-producing instrument employed in this research was a Denali model manufactured by Sazan Pasargad Co. with the nominal production capacity equivalent to 5 g/hour and the experimental capacity of 2 g/hour. At the end of the reaction time in the reactor, the remaining 2,4-DCP in the samples was measured using gas chromatography and the degradation rate of 2,4-DCP was calculated via Equation (1), where C t is 2,4-DCP concentration after several regular intervals of time (t) and C t ¼ 0 is the initial concentration of 2,4-DCP.
Degradation efficiency, (%)
Based on the preliminary experiments, the range and levels used in the experiments were selected and are shown in Table 1 . Furthermore, the principal effects and interactions between selected factors were determined.
Analytical methods
In the present study, 2,4-DCP concentration as pollutant was analyzed using a headspace-gas chromatograph (Agilent 7890 A, Palo Alto, CA, USA) equipped with a flame ionization detector (FID), and an HP-5 capillary column (30 m length, 0.25 μm thickness, 0.32 mm I.D.). A pH meter (Denver Ultra Basic-UB 10) was used to measure pH. The scanning electron microscopy (SEM) was carried out on gold-coated samples using a Quanta-400F-mode field emission scanning electron microscope (KYKY-EM3900M, China). The X-ray diffraction (XRD) pattern was obtained by using advanced D8 diffractometer (Bruker, Germany) with CuK radiation at 40 kV and 30 mA.
Design of experiments and statistical analysis
In this work, four factors and three full factorial levels of central composite design (CCD) based on RSM were applied and in total 30 experiments were designed to optimize the selected variables including solution pH, MgO-NPs dosage, ozonation time and initial concentration of 2,4-DCP. Based on the initial analysis, the range and levels used in the experiments are shown in Table 1 . Coefficient parameters were assessed by response surface regression analysis using the software Design-Expert (version 7).
Each response of Y (2,4-DCP removal in this work) can be represented by a mathematical equation that correlates the response surface. The response (Y) can be expressed as polynomial model based on the following quadratic equation (Amirian et al. ) :
where Y represents the predicted response (2,4-DCP removal); β 0 and β i are the constant coefficient and linear coefficient, β ii and β ij are the quadratic coefficients and the interaction coefficients, and Xi and Xj are the coded values of the independent process factors. This equation states the correlation between the independent variables in coded values and predicted responses based on Tables 1  and 3 . In addition, analysis of variance (ANOVA) was used for evaluation the significance of quadratic regression model. Also, assessment of model terms was performed by the p-value with 95% confidence level.
RESULTS AND DISCUSSION

Catalyst characterization
The studied surface morphology of MgO-NPs using a scanning electron microscope (SEM) is given in Figure 2 . The particles are shown to have a spherical shape and are agglomerated (Figure 2 (a)-2(f)). High resolution images of nanoparticles clearly indicates the spherical shape of MgO-NPs (Figure 2 (c)-2(f)). XRD is an effective way to study the crystal structure of the prepared catalysts. Figure 3 shows the powder XRD patterns of high crystalline magnesium oxide nanoparticles (MgO-NPs). Five characteristic peaks at 2θ ¼ 37 , 43 , 62 ,
74
, and 78 are observed which indexed to (111), (200), Model fitting and statistical analysis
The optimum conditions for degradation of 2,4-DCP under single ozonation process (SOP), adsorption and COP were determined by means of the CCD under RSM. The constants and values of 2,4-DCP degradation by COP, adsorption and SOP based on Equation (2) are shown in Table 2 .
Considering the initial quantities of 2,4-DCP in the samples, and calculating the remaining 2,4-DCP, the efficiencies of 2,4-DCP degradation in each stage of the experiments in the SOP, adsorption by MgO-NPs, and COP were calculated, and are presented in Table 3 .
Results of the ANOVA of the data (obtained from the RSM of the second order recorded for COP in removing 2,4-DCP) indicate that the parameters of the MgO-NPs dosage and of initial 2,4-DCP concentration had considerable effects on the model (Table 4 ). The values of predicted R 2 (0.9878) and of R 2 Adjusted (0.9765) were in reasonably good agreement. R 2 Adeq. measures the ratio of signal to noise, and it is desirable for its value to be higher than 4. Its value was 35.416 in this research, which indicates there were sufficient signals. Therefore, this second order model can be employed for designing and optimizing operating parameters.
The effects of the critical operating variables on 2,4-DCP removal efficiency in the various processes are shown in Figure 4 , and 3D plots of the simultaneous effects of the important variables in the reactions related to 2,4-DCP removal by COP are presented in Figure 5 .
Moreover, Figure 5 indicates the interactive effects of the important parameters in COP including the pH of the The effect of solution pH on 2,4-DCP removal
Solution pH is one of the very important and influential factors in chemical reactions. It affects the structure of the studied pollutant, the surface properties of nanoparticles (nanocatalyst), the rate and manner of mass transfer of ozone from the gas to the liquid phase, and the reaction route and kinetics of reactive materials (Asgari et al. ) .
Moreover, in heterogeneous catalytic systems, pH can influence the surface properties of metal oxides that are produced by the hydroxyl group in the presence of water. Furthermore, in the natural state, the effective surface electric load of various catalysts may be positive or negative depending on the surface properties, which is especially dependent on surface functional groups and constituents of the catalyst. With increases in pH value, the dominant electric load on the surface of the catalyst becomes negative, while with reductions in pH value the dominant electric load on the surface of the catalyst becomes positive (Kasprzyk-Hordern et al. ). This phenomenon is very important in the study and determination of the mechanism of COP. At high pH values, surface functional groups are deprotonated (Equation (3)), while they are protonated at low pH values (Equation (4)).
Without protons and proton bearing of surface, functional groups cause the catalyst to act as Lewis acid/base, and this is one of the most important phenomena involved in the performance of MgO-NPs (Valdes et al. ) . In fact, an increase in the solution pH value increases the transfer rate of the ozone gas and increases its rate of decomposition in heterogeneous COP. These reactions result in the formation of very active hydroxyl radicals and other radicals (including OH, HO 2 , and HO 3 ) and, therefore, can increase decomposition of pollutants (Valdes et al. ) . In addition, the following mechanisms have 
(It must be noted that the suffix s in MgO-s indicates the Lewis acid site on the surface of MgO-NPs.)
Effects of pH values (3, 5, 7, 9, and 13) on SOP, use of MgO-NPs alone (adsorption process), and COP are presented in Figure 4(a) . As shown in Figure 4 , after 30 minutes, increase in pH values improved removal efficiency of 2,4-DCP from 55 to 92% in SOP, from 37 to 92% by using nanoparticles only (adsorption process), and from 82 to 93% in COP. These results indicate that increases in pH values had a greater effect on COP compared to SOP and adsorption. Moreover, findings show that COP performed better at all pH values compared to the adsorption and SOP. Two-dimensional diagrams were drawn to demonstrate the interactive effects of pH and other parameters including the dosage of the MgO-NPs, ozonation time, and initial 2,4-DCP concentration entering the process (Figure 4) . According to analysis of this statistical model, the optimum pH value in removing 2,4-DCP was higher than 7. As shown in Figure 5(a) , 2,4-DCP removal increased with increasing pH and dose of MgO-NPs because more hydroxyl radicals were produced under alkaline conditions. In this process, under alkaline pH values and at higher doses of MgO-NPs, the conditions were better for 2,4-DCP removal so that removal efficiency of over 72% was achieved at pH values higher than 7 when more than 0.3 mg/L of the nanoparticles was used. Moreover, as clearly shown in Figure 5(b) , simultaneous increases in pH and ozonation also improved 2,4-DCP removal. At pH values higher than 7 and an ozonation time of more than 30 minutes, increase in each of these two variables improved 2,4-DCP removal efficiency so that it exceeded 75% under alkaline conditions and ozonation time of 27.5 minutes. Furthermore, as can be seen in Figure 5(c) , the maximum 2,4-DCP removal efficiency was achieved at pH > 7 and at the minimum initial 2,4-DCP concentration (less than 50 mg/L). In fact, reactions between ozone and organic compounds in wastewater take place directly at acidic pH values and indirectly under alkaline conditions through special radicals, especially hydroxyl radicals (Moussavi et al. ) . Therefore, based on Figure 5 (a)-5(c), the optimum pH value for 2,4-DCP removal by COP was higher than 7. Improved 2,4-DCP removal at alkaline pH values could be due to increased availability of hydroxide ions and higher rates of decomposition by ozone molecules that led to increased formation of oxidative radicals including hydroxyl and MgO-hydroxyl radicals (Wu et al. ) .
In the present research, 2,4-DCP was removed in COP directly in the adsorption process and indirectly through oxidation processes. Evaluation of 2,4-DCP removal through adsorption by MgO-NPs and by the SOP at various solution pH values indicated that their efficiencies were 92.3 and 92%, respectively. Moussavi & Mahmoudi (a) reported similar findings concerning decomposition of Reactive Red 198 dye, and Asgari et al. () reported similar findings regarding removal of humic acid, by COP using MgO-NPs. Erol & Ozbelge () studied the effects of COP using non-polar bonded alumina, and reported that efficiency of removing phenols at alkaline pH values (pH ¼ 13) was higher than at acidic pH values (pH ¼ 2.5). Moreover, formation of hydroxyl radicals has been reported at high pH values. The effect of MgO-NPs dose on removal of 2,4-DCP One of the most important parameters that influences the efficiency and desirable performance of combinatorial processes, adsorption, and oxidation processes is the dose of the nanoparticles or the adsorbent (catalyst) used in the processes (Bazrafshan et al. ) . This section deals with the effect of various doses of MgO-NPs as a catalyst in removal of 2,4-DCP from aqueous solutions. Figure 4 (b) presents the effects of MgO-NPs doses (0.1-0.5 mg/L) on SOP, use of nanoparticles alone, and COP. As shown in that Figure, after 30 minutes, increasing the dose of MgO-NPs in the adsorption process improved 2,4-DCP removal from 46 to 92%. Moreover, increasing the dose of nanoparticles improved 2,4-DCP removal efficiency by 1.5 to 99.37% in COP. Therefore, increasing the dose of nanoparticles had greater effects on COP compared to adsorption by nanoparticles alone. Moreover, COP performed better than adsorption by nanoparticles alone when doses higher than 0.3 mg/L were used. The 3D surface plot in Figure 5(d) indicate the effects of the doses of the MgO-NPs and ozonation time on 2,4-DCP removal at average constant a pH value of 7.5 and initial 2,4-DCP concentration of 105 mg/L. As shown in this Figure, simultaneous increases in the dose of the nanoparticles and ozonation time improved 2,4-DCP removal efficiency. For example, at initial the 2,4-DCP concentration of 105 mg/L, pH of 7.5, and an ozonation time of longer than 27 minutes, 2,4-DCP removal efficiency exceeded 79% when doses higher than 0.4 mg/L of the nanoparticles were used. At contact time of less than 20 minutes, the dose of the MgO-NPs was more effective compared to ozonation time so that at doses less than 0.4 mg/L and ozonation time of 11 minutes, removal efficiency reached almost 70%. Moreover, 2,4-DCP decomposition increased when the dose of MgO-NPs was raised from 0.1 to 0.5 mg/L. Improvement in 2,4-DCP removal by COP with the increase in the dose of MgO-NPs may be due to an increase in the number of active sites on the surface of the catalyst that can react with ozone. In general, at constant rates of flow, higher doses of the catalyst increase transfer of ozone from the gas to the liquid phase and increase rate of ozone decomposition (Khan & Jung ).
Moussavi et al. () reported similar results for COP using NH 4 Cl in decomposition and mineralization of amoxicillin. In a research by Beltrán et al. () , the combinatorial process TiO 2 /UV/O 3 was used which could remove sulfamethoxazole in 21 minutes. They noticed that adding TiO 2 increased removal efficiency by 15%. Furthermore, Figure 5 (e) indicates the interaction effects of MgO-NPs dose and initial 2,4-DCP concentrations on 2,4-DCP degradation efficiency. At a constant pH value of 7.5 and ozonation time of 27.5 minutes, increase in initial 2,4-DCP concentration negatively affected the efficiency of the process so that process efficiency declined at initial 2,4-DCP concentrations higher than 20 mg/L despite increases in the dose of the nanoparticles. In other words, at constant pH and ozonation time, removal efficiency reached 79% when the dose of the nanoparticles increased and initial 2,4-DCP concentration decreased.
The effect of ozonation time on removal of 2,4-DCP Reaction time is one of the most important factors affecting the design and performance of any chemical reaction including the oxidation process. In fact, reaction time is the time required to achieve the treatment goals (Bazrafshan et al. a, b, c) . Figure 4(c) shows the effect of ozonation time (5-50 minutes) on 2,4-DCP removal efficiency. In SOP, 2,4-DCP removal efficiency increased by about 29% when ozonation time increased from 5 to 50 minutes. In adsorption process using MgO-NPs, removal efficiency improved from 18 to 91% with increase in contact time. Moreover, with increase in ozonation time until it reached 25 minutes, removal efficiency in COP increased by 2%, but a 6% reduction in efficiency was observed at higher ozonation times. Therefore, increase in contact time was more effective in COP compared to the other processes.
In addition, Figure 5 (f) presents one 3D surface plot that show the effects of ozonation time and initial 2,4-DCP concentrations on its removal efficiency. As shown in the Figure, 2 ,4-DCP decomposition increases with increase in ozonation time and with reduction in initial 2,4-DCP concentration. Results indicated that the presence of MgO-NPs accelerated the decomposition process of 2,4-DCP considerably. Therefore, this compound can be used as an efficient catalyst in ozonation process for removal of resistant organic compounds. High catalytic potential of MgO-NPs in 2,4-DCP decomposition can be attributed to the presence of large amounts of functional groups produced in ozone decomposition on the surface of MgO-NPs and due to deformation of active radicals (Moussavi & Khosravi ) .
The effect of initial concentration of 2,4-DCP on its removal
To study the effect of initial concentration of 2,4-DCP on its removal by SOP, adsorption process and COP, experiments were performed at various concentration of 2,4-DCP (5-200 mg/L). As shown in Figure 4(d) , when the initial concentration of 2,4-DCP increased, the percentage of 2,4-DCP removal decreased, so the removal of 2,4-DCP depends on its initial concentration in the solution. For example, when the initial 2,4-DCP concentration increased from 5 to 200 mg/L (at COP), the removal efficiency of 2,4-DCP decreased from 80% to 7%. Similar trends were observed in adsorption process and SOP.
Optimization of COP in removal of 2,4-DCP The optimization process searches for a combination of the levels of variables that maximize removal 2,4-DCP in order to obtain optimum conditions for 2,4-DCP removal in COP. In several stages, the surface response software selects and predicts the best operating conditions (that are considered the best achievable conditions for the process) within the applied parameter ranges of pH, dose of nanoparticles, and initial 2,4-DCP concentration. This program searches for the desirable conditions specifically for each parameter and then optimizes these operations based on the purpose in the desired response. More than 67% of 2,4-DCP removal was predicted by the model under optimum conditions (Figure 6(a) ). The desirability coefficient for these conditions was 0.664. Furthermore, Figure 6 (b) presents the column diagram predicted by the software for all the variables under optimum conditions. As shown in the Figure, the best conditions were predicted for the pH variable with the coefficient of 1. Some complementary experiments were performed under optimum conditions designed by the software, and they confirmed that the obtained results matched the values predicted by the software.
CONCLUSIONS
The results of the present research indicate that the response surface designed could be used for the evaluation of the effects of a large number of variables by performing the minimum number of experiments. 2,4-DCP removal efficiency improved with increase in pH, dose of nanoparticles, and ozonation time, while it declined at higher initial 2,4-DCP concentrations entering the process. Statistical and parameter analyses for maximizing 2,4-DCP removal indicated that the highest removal efficiency was achieved at pH values higher than 7.5, dose of MgO-NPs larger than 0.5 g, an ozonation time of 50 minutes, and initial 2,4-DCP concentrations of less than 50 mg/L. The process parameters had synergistic effects on decomposition. Results of this study indicate that the RSM model optimized the combinatorial process used for 2,4-DCP removal in a certain number of experiments in the final and optimized stage. Moreover, the combinatorial process had a high capability in meeting environmental standards.
